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HPV-16E7 is a major transforming protein, which has been
implicated in the development of cervical cancer. The stability
of E7 is thus important to ensure its fully functional status.
Using the yeast two-hybrid system, we found that USP11 (ubiq-
uitin-specific protease 11), a member of a protein family that
cleaves polyubiquitin chains and/or ubiquitin precursors, inter-
acts and forms a specific complex with HPV-16E7. Our results
indicate that the USP11 can greatly increase the steady state
level of HPV-16E7 by reducing ubiquitination and attenuating
E7 degradation. In contrast, a catalytically inactive mutant of
USP11 abolished thedeubiquitinating ability and returnedE7 to
a normal rate of degradation. Moreover, USP11 not only pro-
tected E7 fromubiquitination but also influenced E7 function as
a modulator of cell growth status. These results suggest that
USP11 plays an important role in regulating the levels of E7
protein and subsequently affects the biological function of E7 as
well as its contribution to cell transformation by HPV-16E7.

Human papillomaviruses (HPVs)3 have been etiologically
linked to human cervical cancer (1). Much pathological evi-
dence has indicated that persistent infections with specific high
risk type HPVs (HPV-16, HPV-18, and several others) have a
significant relationshipwith the formation ofmalignant tumors
(2). HPVs are small, double-stranded DNA viruses that infect
mucosal and cutaneous epithelial tissues. Since HPVs do not
encode a viral DNA polymerase, these viruses are completely
dependent on the host cell machinery for DNA replication
except an origin-binding protein and a replicative DNA heli-
case (3). In order to provide all of the necessary cellular proteins
required for viral replication, the virus has to keep its host cell in
cycle, and this serves as themolecular basis for the proliferative
phenotype of HPV lesions. The functions of two viral proteins,
E6 and E7, from high risk type HPVs, are reflected in many of

the cellular proteins with which they interact. Among a variety
of cellular targets, the effects of E6 and E7 on p53 and pRb as
well as on many other cellular proteins have been extensively
investigated in the past. The results all point to significant alter-
ations in the regulation of the cell cycle and apoptosis as well as
chromosomal stability (4). However, a detailed mutagenesis
study of E7 has also revealed that binding to Rb alone is not
sufficient to cause cell transformation (5). It is clear that muta-
tions in the carboxyl-terminal sequences of E7, outside the Rb-
binding site, also severely impair the transformation function of
E7 (6, 7). These results suggest that, aside from binding to Rb,
other protein-protein interaction(s) are also necessary for the
E7-mediated transformation.
The HPV E7 protein is a small, rather acidic, polypeptide

composed of nearly 100 amino acid residues. E7 is also short
lived (8), and its degradation is regulated by the ubiquitin-pro-
teasome pathway in cervical cancer cells (9, 10). The first 11
amino acid residues of E7 is the signal responsible for ubiquiti-
nation, and deletion of the N-terminal 11 amino acid resi-
dues stabilizes the E7 protein in cells. Recently, in a study of
the E7 degradation pathway, one group identified SOCS1, an
E3 ubiquitin ligase, as interacting with the E7 protein and
degrading E7 in a SOCS-box-dependent manner (9).
Another group demonstrated that E7 interacts with the SCF
(Skp-Cullin-F box) ubiquitin ligase complex containing Cul-
lin 1 (Cul1) and Skp2 and that the protein can be ubiquiti-
nated by the Cul1-containing ubiquitin ligase in vitro (11).
These two reports provided more insight into an under-
standing of the E7 degradation mechanism.
In eukaryotic cells, the homeostasis for a number of cellular

proteins is regulated by not only phosphorylation and dephos-
phorylation but also ubiquitination and deubiquitination. A
number of proteins involved in the degradation of polypeptides
have been isolated in various eukaryotic organisms ranging
from Saccharomyces cerevisiae to humans. Ubiquitination of
proteins is now considered to be an essential step for degrada-
tion by the proteasome and for internalization into the lysoso-
mal system as well as being involved in the modification of the
functions of some target proteins (12). Althoughmuchprogress
has been made in characterizing enzymes that link ubiquitin to
proteins, our understanding of deubiquitinating enzymes is less
well developed. Deubiquitination of ubiquitin from H2A was
the first case described. Since then, a number of enzymes have
been identified, and the results have been reviewed in several
excellent articles (13–16). Deubiquitinating enzymes (DUBs)
have been categorized as a group of cysteine proteases based on
their sensitivity to inhibition by thiol reagents (17, 18). Ubiq-
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uitin-specific processing proteases (UBPs) are the major family
of a variety of DUBs (14). The UBPs vary in size but possesses
conserved domains, such as the Cys box and the His box. A
variety of sequences aside from conserved catalytic domains
have been suggested to function in substrate recognition, sub-
cellular localization, and protein-protein interactions. In addi-
tion to the processing of ubiquitin precursors and the disassem-
bly of free polyubiquitinated chains; UBPs are responsible for
removing ubiquitin from specific substrate proteins, which
then prevents protein degradation (19). Deubiquitination is a
reversible process; that is to say the net results of ubiquitination
and deubiquitination play key roles in controlling fundamental
cellular activities, such as cell growth, differentiation, and onco-
genesis. However, knowledge of the specific biological roles of
DUBs in viral infection and of ubiquitination on viral oncopro-
teins is still lacking. In this study, we report the identification of
another USP11 function in stabilizing HPV-16E7 and also fur-
ther modulate the E7 biological activity.

EXPERIMENTAL PROCEDURES

Plasmids—The plasmids used for the yeast two-hybrid
screening were pGBKT7–16E7 and pGBKT7–18E7. These two
plasmids were constructed by inserting cDNA fragments
encoding the full length of either HPV-16E7 or HPV-18E7 into
the EcoRI and BamHI sites of pGBKT7 (Clontech). PRK5–
16E7, which expresses a FLAG HPV-16E7, was cloned by
inserting intact HPV-16E7 into the EcoRI and BamHI sites of
pRK5 (20). To construct the USP11 expression vectors, the
DNA sequences corresponding to NCBI accession number
AB073597were amplified by PCR and subcloned either into the
HindIII and XhoI sites of pCMVTaq2B and pCMVTaq3B
(Stratagene) or with an HA tag into the HindIII and KpnI sites
of pcDNA3 (Invitrogen). The DNA sequence corresponding to
the full-length protein of p53was cloned into the EcoRI and SalI
sites of pCMVTaq2C vector to generate the FLAG-p53. The
catalytically deficient mutant of USP11 (FLAG-USP11 cys mt)
was generated by substituting two cysteine (C275S and C283S)
residueswithin theCys conserved domain ofUSP11with serine
by PCR; then the USP11 cys mt fragment was inserted into the
HindIII andXhoI sites of pCMVTaq2B. TheDNA sequences of
USP11 and USP11 cys mt were cloned into pGEX-5x-1 to
obtain GST-USP11 and GST-USP11 cys mt, respectively, for
recombinant protein expression. The HA-ubiquitin expression
construct was obtained by inserting a full-length ubiquitin
sequence into the EcoRV and BamHI sites of pcDNA3 with an
HA tag. For small interfering RNA targeting of USP11 (si-
USP11), the oligonucleotides CTAGTGATGAGATAAACT
GGC GCC TTCAA GAG AGG CGC CAG TTT ATC TCA
TCT TTT TTG GAA A and CTA GTT TCC AAA AAA GAT
GAG ATA AAC TGG CGC CTC TCT TGA AGG CGC CAG
TTT ATC TCA TCA were annealed and ligated into
pLEGFP-C1 (BD Biosciences) containing a U6 promoter (21)
(underlining indicates RNA interference target sequences).
Yeast Two-hybrid Screening—Yeast two-hybrid screening

was conducted using a pretransformed Matchmaker library
(Clontech). The library isHeLa-S3 cDNAs cloned into the yeast
GAL4 activation domain vector and pretransformed into S. cer-
evisiae host strain Y187. Then pGBKT7-16E7 was used as bait

and transformed into a yeast reporter strain AH109 that can
serve as a mating partner for Y187. Screening was performed
according to the manufacturer’s protocol. Briefly, the HeLa-S3
cDNA library in Y187 was simply combined with the bait strain
and incubated for 24 h, and then the mixture was plated on
selected medium. Approximately 4.15 � 106 transconjugants
were screened. Proteins interacting with HPV-16E7 were iden-
tified by growth on SD/�Leu/�Trp/�His/�Ade plates and
confirmed by assaying for �-galactosidase activity. Plasmids
rescued from positive yeast colonies were retransformed into
Y187 and incubated together with AH109 containing either
pGBKT7-16E7 or pLAM5�-1 to measure the specificity of the
interaction.
Cell Cultures and Transfection—Human cervical carcinoma

CaSki cells and human lung carcinoma H1299 cells were cul-
tured in RPMI1640 supplemented with 10% fetal bovine serum
at 37 °C in 5% CO2. The 293T cells were cultured in Dulbecco’s
modified Eagle’smediumplus 10% fetal bovine serum.All three
cell lines were transfected using Lipofectamine 2000 according
to the manufacturer’s instructions (Invitrogen). pLEGFP-
C1/U6 vector alone or vector containing the si-USP11
sequence was introduced into CaSki cells to generate the CaSki
(si-) and CaSki (si-USP11) cell lines. G418 selection was started
24 h after transfection. The surviving cells were maintained in
medium containing 200 g/ml G418.
Western Blot and Immunoprecipitation—Cell extracts were

prepared in lysis buffer (50mMTris-HCl, pH 8.0, 150mMNaCl,
1% Nonidet P-40, 1 mM EDTA, 0.5% sodium deoxycholate, and
0.1% SDS) containing 1� protease inhibitor mixture (Com-
pleteTM; Roche Applied Science). For Western blot analysis,
cell extracts were collected and subjected to SDS-PAGE analy-
sis. After separation, the proteins on gel were transferred onto
polyvinylidene difluoride membrane and were immunostained
with the antibodies as indicated. The �-HPV-16E7monoclonal
antibody was purchased from Zymed Laboratories Inc.
�-FLAGM2was obtained fromSigma;�-ubiquitin,�-pRb, and
�-Bcl-2 were bought from Upstate Biotechnology; �-tubulin
and �-Cdc-2 were purchased from Oncogene Science and
�-HA was bought from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). For immunoprecipitation, equal amounts of protein
were incubated with various antibodies as indicated for 1 h at
4 °C, followed by precipitation with protein-agarose beads
(Upstate Biotechnology). All immunoprecipitates were washed
three times with washing buffer (20 mM Tris-HCl, pH 8.0, 100
mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA). Bound proteins
were collected and analyzed by SDS-PAGE and followed by
Western blotting analysis.
In Vivo Ubiquitination Assay—293T cells were transiently

co-transfected with plasmids as indicated. Then, 24 h after
transfection, the cells were treated with 20 M MG132 for 1.5h.
Cellswere harvested in lysis buffer (see above), immunoprecipi-
tated with �-FLAG, and resolved by SDS-PAGE. Ubiquitin-
tagged proteins were detected by �-HA (Roche Applied Sci-
ence) Western blot analysis.
In Vitro Deubiquitination Assay—GST-USP11 and GST-

USP11 cys mt fusion proteins were expressed in BL21 (pLysS)
bacteria (Novagen) with 1 mM isopropyl 1-thio-�-D-galactopy-
ranoside at 30 °C for 3.5 h. Cells were pelleted and resuspended

USP11 Stabilizes and Modulates the HPV-16E7

15682 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 23 • JUNE 6, 2008



in lysis buffer (50mMTris, 2mMEDTA, 1mg/ml lysozyme, and
0.25% Triton X-100) and then were incubated at room temper-
ature for 30 min. After sonication, the insoluble material was
removed by centrifugation. Supernatants were applied to glu-
tathione-agarose beads and incubated for 3 h at 4 °C. Beads
were pelleted and washed four times with washing buffer (50
mM Tris, 2 mM EDTA, and 0.25% Triton X-100). Bound pro-
teins were eluted in 50mMTris, 2 mM EDTA containing 10mM

reduced glutathione at 4 °C. The concentration of purified GST
proteins was determined by a BCA assay. TheHis-16E7 protein
was in vitro transcribed and translated by the Single Tube Pro-
tein System 3, T7 (Novagen) according to the manufacturer’s
protocol. For preparation of ubiquitinated 16E7, in vitro trans-
lated His-16E7 (10 �l) was incubated with HeLa cell extracts
(50 �l) and reticulocyte lysates (4 �l) at 30 °C in a reaction
mixture (80 �l) containing ubiquitin (40 �g), an ATP-generat-
ing system (20mMTris, pH 7.5, 10mMATP, 10mMmagnesium
acetate, 300 mM creatine phosphate, 0.5 mg/ml creatine phos-
phokinase), and ubiquitin aldehyde (4 M). After 2 h of incuba-
tion, 16E7-ubiquitin conjugates were purified using a nickel
affinity column. For the deubiquitination assay, ubiquiti-
nated 16E7 was incubated in deubiquitination buffer (50 mM

Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA, 5 mM dithiothreitol),
and then purified GST-USP11 proteins were added. The
reaction mixtures were incubated for 2 h at 30 °C, and the
reaction was terminated by the addition of SDS-PAGE load-
ing buffer. Reaction mixtures were resolved on a 10% SDS-
polyacrylamide gel and probed with anti-ubiquitin antibody
using Western blotting.
Colony Formation Assay—The same number of CaSki (si-)

and CaSki (si-USP11) cells were seeded and maintained in the
culture medium containing G418 (200 g/ml). After 2 weeks of
selection, the colonies were fixed in 10% methanol, 10% acetic
acid (v/v) for 10 min, stained with 1% (w/v) crystal violet in
methanol for 10 min, and then rinsed three times with water.
The colonies were then counted.

RESULTS

Identification of USP11 as Cellular Target for HPV-16E7—
Employing a yeast two-hybrid assay allowed the identification
of USP11 as a cellular target for the HPV-16E7 oncoprotein.
The cDNA library from HeLa cell was screened using intact
HPV-16E7 (amino acids 1–97) as bait. One of the cDNAs
encoding the carboxyl-terminal domain of USP11 was repeat-
edly isolated (Fig. 1A). To verify the specificity of interaction
between HPV-16E7 and USP11, several control experiments
were conducted. As shown in Fig. 1B, co-expression of the
HPV-16E7 and the C terminus of USP11 (USP11-C) rendered
the yeast strain CG1945/Y187 able to grow on SD/�Leu/
�Trp/�His/�Ademinimal plates (Fig. 1B, lane 3), whereas the
Gal4 activation domain (Gal4-AD) failed to bind to the HPV-
16E7 (Fig. 1B, lane 2), indicating that USP11 sequences are
essential for binding to HPV-16E7. The inability of the Gal4
DNA binding domain (Gal4-BD) on its own (lane 1) or fused
with lamin (lane 4) to bind to USP11 confirms that the C ter-
minus of USP11 interacts specifically withHPV-16E7. Interest-
ingly, the C-terminal of USP11 also binds toHPV-18E7, but the

protein failed to bind toHPV-11E7, a strain not closely linked to
cervical cancer (data not shown).
In Vivo Association between 16E7 and USP11—To address a

potential interaction between HPV-16E7 and USP11 in mam-
malian cells, co-immunoprecipitation andWestern blot exper-
iments were performed. FLAG-HPV-16E7 and FLAG-USP11
were transiently expressed in H1299 cells, as indicated, and
immunoprecipitated using anti-HPV-16E7 (Fig. 2A). The pres-
ence of FLAG-USP11 was detected by �-FLAG Western anal-
ysis. As shown in Fig. 2A, the 16E7 antibody precipitated large
amounts of FLAG-16E7 from extracts of transfected cells. The
result showed that FLAG-USP11 was co-precipitated with
FLAG-HPV-16E7; however, no co-precipitation was detected
when either one of the two plasmids was omitted. A similar
experiment was repeated by replacing FLAG-USP11 with HA-
USP11 (Fig. 2B). Again, the FLAG antibody coprecipitatedHA-
USP11 from extracts of cells transiently transfected with both
FLAG-HPV-16E7 and HA-USP11. We also expressed FLAG-

FIGURE 1. Identification of USP11 as a novel interacting protein of HPV-
16E7. A, the yeast strain AH109 containing the indicated BD plasmids (16E7,
18E7, p53, Lamin C, and Gal-BD) was co-incubated with Y187 harboring AD
plasmids (USP11-C, SV40 LT, and Gal4-AD). After overnight incubation, yeast
cultures were streaked on SD medium lacking leucine and tryptophan or
grown on a selective minimal plate (SD medium lacking leucine, tryptophan,
histidine, and adenine). The Gal4 DNA-binding domain (Gal4 BD) and the Gal4
activation domain (Gal4 AD) were incorporated as negative controls. p53 and
simian virus 40 large T-antigen (SV40 LT) were used as positive controls. Lami-
nin C was used to elucidate the specificity of the interaction between 16E7
and USP11-C. B, a schematic summary of A. Yeast colony color was observed
after incubation for a standard period of time. The color blue represents
USP11-C associating with HPV-16E7 and turning on the lacZ promoter.
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p53 and HA-USP11 during a control co-precipitation. FLAG-
p53 was unable to bind to HA-USP11 (Fig. 2C). This result
indicates a specific association of USP11 with HPV-16E7. In
addition, we also have performed an in vitro binding assay to

address the issue of direct interac-
tion between the two proteins. The
GST alone and GST-USP11 fusion
proteins were expressed in bacteria,
isolated, and then incubated with in
vitro translated [35S]methionine-la-
beled HPV-16E7, respectively. The
result showed that [35S]methionine-
labeled HPV-16E7 was specifically
retained on the GST-USP11-conju-
gated Sepharose, whereas GST
alone was not (date not shown).
Moreover, to confirm that the
endogenous USP11 and HPV-16E7
proteins also associate, cell extracts
were prepared from CaSki and then
immunoprecipitated with HPV-
16E7 or IgG antibodies. As shown in
Fig. 2D, USP11 was co-precipitated
with HPV-16E7 but not with IgG
antibody. Taken together, these
results strongly suggest that HPV-
16E7 and USP11 interact specifi-
cally in mammalian cells.
USP11 Specifically Stabilizes

16E7 through the Deubiquitinating
Enzymatic Activity—USP11 is a
member of the UBPs. UBPs are
responsible for removing ubiquitin
from polyubiquitinated proteins,
and this renders target proteins able
to escape proteasome degradation.
Since USP11 and HPV-16E7 can

form a complex in vivo, there exists the possibility that USP11
could extend the stability of HPV-16E7. To assess the func-
tional consequence of the interaction between USP11 and
HPV-16E7, we testedwhetherUSP11 affects the stabilization of
HPV-16E7. H1299 cells were transfected with FLAG-16E7
alone or together with FLAG-USP11. As shown in Fig. 3A,
FLAG-USP11 expression significantly increased the steady-
state levels of FLAG-16E7. To test the specificity of this USP11
function, another short lived tumor suppressor protein, p53,
whose stability is also regulated by the ubiquitination pathway,
was used as a control. Unlike the HPV-16E7, the FLAG-p53
level was not affected in the presence of USP11. These results
lead us to conclude thatUSP11 specifically stabilizesHPV-16E7
in vivo.
Proteins in the UBP family differ in length but possess con-

served domains, such as theCys box and theHis box. These two
regions are responsible for the catalytic activity of UBPs (22).
To investigate whether the deubiquitinating activity of
USP11 is required for stabilizing HPV-16E7, we generated a
mutant of USP11 (USP11 cys mt) in which two highly con-
served Cys residues within the catalytic core domain were
replaced by serine. As shown in Fig. 3B, co-expression of
both HPV-16E7 and USP11 significantly stabilized E7. In
contrast, the USP11 cys mt strain lost the ability to stabilize
HPV-16E7. This result demonstrated that the deubiquitinat-

FIGURE 2. HPV-16E7 associates with USP11 in vivo. A, the in vivo interaction of HPV-16E7 with USP11 by
immunoprecipitation assay. FLAG-USP11 and FLAG-16E7 plasmids were transfected into H1299 as indicated.
After 48 h of transfection, cell extracts were prepared and subjected to immunoprecipitation (IP) by �-HPV-
16E7. The proteins from the immunoprecipitation were separated using 10% SDS-PAGE and analyzed by
�-FLAG to detect the associated proteins. Western blotting using �-FLAG indicates the expression of the
product. Equal amounts of proteins were loaded as indicated by detection of tubulin. B, the in vivo interaction
of HPV-16E7 with USP11 by immunoprecipitation assay in different combinations. An experiment similar to
that in A was conducted, except that FLAG-USP11 was replaced by HA-USP11, immunoprecipitation was
conducted using �-FLAG, and �-HA was used to detect the associated protein. C, to confirm the specific
association, HA-USP11 and FLAG-p53 plasmids were transfected into H1299 as indicated. Immunoprecipita-
tions were performed using �-p53, and the precipitates were detected by �-HA antibody. D, the in vivo inter-
action of USP11 with endogenous E7 in CaSki cells. Immunoprecipitations were performed with cell extracts of
CaSki cells using either �-HPV-16E7 or normal mouse IgG as a negative control. Precipitates were recognized by
�-HPV-16E7, and the association was detected using �-USP11.

FIGURE 3. USP11 specifically stabilizes HPV-16E7, and the deubiquitinat-
ing activity of USP11 is required for this function. A, USP11 stabilized HPV-
16E7 but not p53. FLAG-16E7 and FLAG-p53 were transfected into H1299 cells
either alone or together with FLAG-USP11 as indicated. At 48 h after transfec-
tion, 100 �g of cell extracts from transfected cells were assayed by Western
blot using �-FLAG. Approximately equal amounts of proteins were loaded as
indicated by the tubulin signal. B, mutant USP11 (USP11 cys mt) lost the abil-
ity to stabilize HPV-16E7. The FLAG-USP11 and the mutant form, FLAG-USP11
cys mt, were transfected together with FLAG-16E7 into H1299 cells as indi-
cated. At 48 h after transfection, 100 �g of cell extracts were subjected to
Western blot using �-FLAG to detect the levels of FLAG-16E7 and FLAG-
USP11 expression. The amount of proteins loaded is indicated by the tubulin
signal.
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ing enzymatic activity of USP11 is critical for USP11-medi-
ated stabilization of HPV-16E7.
USP11 Reduces Degradation of both Exogenous and Endoge-

nous 16E7—To explore whether the levels of HPV-16E7 are
increased upon co-expression of USP11 as a result of an
extended half-life, we performed a cycloheximide chase exper-
iment. H1299 cells were transfected with FLAG-HPV-16E7
either alone or together with HA-USP11, and this was followed
by continuous cycloheximide treatment. Extracts were then
analyzed by Western analysis with specific antibodies. As
shown in Fig. 4A, HA-USP11 expression resulted in a longer
degradation time for the transfected FLAG-16E7, which was
increased fromaround 2 h in the absence ofHA-USP11 tomore
than 6 h in the presence ofHA-USP11. It has been reported that
HPV-16E7 is ubiquitinated at its amino terminus (11). In order
to avoid the interference of epitope tag in the E7 ubiquiti-
nated experiment, similar experiments using a cell line
(CaSki) with endogenous 16E7 were conducted. An extended

degradation time of HPV-16E7 was
also observed in the presence of
HA-USP11 (Fig. 4B). To further
confirm the effect of endogenous
USP11 on HPV-16E7, we employed
an antisense strategy to reduce the
level of endogenous USP11 expres-
sion. For this purpose, CaSki cells
were transfected with pLEGFP-
C1/U6 (si-) containing antisense
USP11 sequence (si-USP11) or vec-
tor alone, and the cells then under-
went G418 selection for a period. As
shown in Fig. 4C, the expression of
the antisense USP11 resulted in a
significant reduction in USP11 pro-
tein, and this reduction in USP11
led to an apparent decrease in the
half-life of HPV-16E7. These results
demonstrate that USP11 attenuates
the degradation of both exogenous
and endogenous HPV-16E7.
Deubiquitination of HPV-16E7 by

USP11 in Vivo and in Vitro—To
elucidate the molecular mechanism
by which USP11 stabilizes HPV-
16E7, we tested whether USP11
directly controls the levels of E7
ubiquitination in vivo. FLAG-HPV-
16E7 and HA-ubiquitin were co-ex-
pressed with wild type USP11 or
USP11 cysmt in 293T cells and then
immunoprecipitated with anti-
FLAG antibody and blotted with
anti-HA for the presence of
HA-ubiquitin. Translational levels
of all constructions were examined
and confirmed in 293T cells before
immunoprecipitation (supplemen-
tal Fig. 1). As shown in Fig. 5A, wild

type USP11 diminished ubiquitination of HPV-16E7, whereas
USP11 cys mt removed ubiquitin from HPV-16E7 less effec-
tively. To further confirm that USP11 deubiquitinates HPV-
16E7, polyubiquitinated HPV-16E7 was incubated with puri-
fied recombinantGST-USP11 orGST-USP11 cysmt. As shown
in Fig. 5B, USP11 reduced ubiquitination of HPV-16E7 in a
dose-dependent manner. A significant decrease in polyubiq-
uitinated HPV-16E7 was observed with GST-USP11, whereas
GST-USP11 cys mt was unable to deubiquitinate HPV-16E7.
Thus, these results indicate that the function of USP11 is to
reduce the ubiquitination level of HPV-16E7 and thereby pro-
tect E7 from proteasome-mediated degradation.
USP11 Stabilizes HPV-16E7 and Regulates the Biological

Activity of HPV-16E7 Protein—One of the suggested functions
of DUBs is the editing of polyubiquitinated substrates, which
may rescue them from proteasome-dependent destruction and
thus resume their original designated functions. So far, we have
investigated and proved that USP11 binds to HPV-16E7, trims

FIGURE 4. USP11 extends the half-life of both FLAG-16E7 and endogenous HPV-16E7. A, USP11 signifi-
cantly extends the half-life of HPV-16E7 after cycloheximide treatment. FLAG-16E7 was introduced into H1299
together with pcDNA3-HA empty vector or pcDNA3-HA-USP11. At 48 h after transfection, the cells were
treated with 50 g/ml cycloheximide to inhibit protein synthesis. Total cell extracts were collected at each
indicated time point and were assayed either with �-FLAG to detect the remaining FLAG-16E7 or with �-HA to
indicate HA-USP11 expression. Western blot analysis using �-tubulin showed that an equal amount of protein
was loaded onto each lane. B, the same procedure also allowed us to study the ability of USP11 to stabilize
endogenous E7 in CaSki cells. The amount of proteins loaded is indicated by the tubulin signals. C, USP11
significantly extends the half-life of endogenous HPV-16E7 after si-USP11 treatment. CaSki (si-) and CaSki
(si-USP11) cells were cultured in medium containing 200 �g/ml G418. To assay the endogenous HPV-16E7
protein level, cell extracts were collected at the indicated time points after 50 �g/ml cycloheximide was added.
The remaining HPV-16E7 was detected by �-16E7, and �-USP11 was used to detect endogenous USP11
expression.
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ubiquitin from HPV-16E7, and avoids targeting HPV-16E7 to
proteasome degradation.We next explored, therefore, whether
the degradation of the tumor suppressor retinoblastoma pro-
tein (pRb) should be increased via the interaction between E7
and USP11. As shown in Fig. 6A, antisense against USP11
reduced the protein level of USP11 and then destabilized HPV-
16E7 in CaSki (si-USP11) cells. The cells containing antisense
USP11 showed a remarkable elevation in Rb protein compared
with cells harboring the control vector-only CaSki (si-). To fur-
ther investigate the biological role of USP11 in stabilizingHPV-
16E7, we examined its effect on cell growth in a colony forma-
tion assay. Both CaSki (si-) and CaSki (si-USP11) cells were
cultured in the presence of G418 (200 �g/ml) for 2 weeks. The
results are displayed in Fig. 6B and show that the CaSki (si-)
cells demonstrate more malignant characteristics, together
with increased ability to grow in plates, compared with CaSki
(si-USP11). It should be noted that the cells containing the si-
USP11 oligonucleotide showed a remarkable reduction in the
number of drug-resistant colonies compared with cells harbor-

ing the control vector only. Hence, the association of USP11
with HPV-16E7 not only increases the stability of HPV-16E7
but also regulates E7-modulated cell growth. Similar trends of
colony formation also were found in other carcinoma cells,
without endogenousHPV, through a forced expression process
(supplemental Fig. 2). On the contrary, in the absence of HPV-
16E7, colony formation remained the same when compared
between the si- and si-USP11 transfected cells (supplemental
Fig. 3).

DISCUSSION

The ubiquitin-mediated protein degradation pathway exerts
a wide spectrum of effects andmodulates a variety of biological
processes, including cell cycle progression, transcriptional reg-
ulation, signal transduction, antigen presentation, apoptosis,
oncogenesis, preimplantation, endocytosis, vesicle traffick-
ing, and DNA repair (12, 14, 23). Ubiquitination is a dynamic
and reversible process, and it has become increasingly evi-
dent that deubiquitination plays an important role in regu-
lating the ubiquitin-dependent pathway (14). The impor-
tance of the deubiquitination mechanism has also emerged,
and it has been demonstrated that the Drosophila fat facets
protein, DUB-1, enhances the stabilities of NF-�B and cyclin
B as an essential regulatory step to control cellular mecha-
nisms for homeostasis (24–27). The deubiquitinating
enzymes that have been identified are generally classified
into ubiquitin C-terminal hydrolases (UCHs), ubiquitin-
specific processing proteases (UBPs), Jab1/Pad1/MPN
domain-containing metalloenzymes, Otu domain ubiquitin-
aldehyde-binding proteins, and Ataxin-3/Josephin domain-

FIGURE 5. USP11 deubiquitinates HPV-16E7 both in vivo and in vitro.
A, ubiquitination and deubiquitination of HPV-16E7 in vivo. 293T cells were
transfected with expression plasmids for FLAG-16E7, Myc-USP11, and HA-
ubiquitin, as indicated. At 20 h after transfection, cells were treated with 20 M

MG132 for 2 h. Total cell extracts were first subjected to immunoprecipitation
(IP) using �-FLAG, and then immune complexes were assayed by Western
blot, and �-HA was used to detect the ubiquitination levels of FLAG-16E7. mt,
FLAG-USP11 cys mt. B, USP11 cys mt has lost its ability to deubiquitinate
HPV-16E7 in vitro. The purified polyubiquitinated His-16E7 was incubated
with the indicated amounts of purified recombinant GST-USP11 or GST-
USP11 cys mt in a deubiquitination buffer at 30 °C for 1 h. Ubiquitinated His-
16E7 was detected by Western blot analysis using �-ubiquitin.

FIGURE 6. Effects of USP11 on subsequent HPV-16E7-mediated protein
activation and cell growth activation. A, the USP11 si-RNA leads to reduced
HPV-16E7 and increased Rb in CaSki cells. 300-g cell extracts from CaSki (si)
and CaSki (si-USP11) cell lines were subjected to Western blot analysis using
�-USP11 or �-HPV-16E7 to detect the levels of endogenous HPV-16E7 and
USP11 expression, respectively. Tubulin protein was assayed to monitor
equal loading between individual lanes. Quantitative measurements of sig-
nals are presented on the right. B, colony formation assay. CaSki (si) and CaSki
(si-USP11) cells were subcultured and kept in the medium containing G418
(200 �g/ml), and surviving colonies were counted 2 weeks later. Relative cell
viability is summarized from the five separate experiments and is presented
on the right.
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containing proteins (Ataxin-3/Josephin) (28). During the
past few years, more and more UBPs have been identified,
which implies that UBP enzymes each may carry a distinct
and specialized function (29). Although a number of deubiq-
uitinating enzymes have recently been isolated, relatively lit-
tle is known about their substrates and biological functions.
Thus, identifying distinct substrates and assigning specific
physiological roles to each member of the UBP family is the
major work going on in this area at the moment. In our
present study, we have identified that USP11 specifically
interacts with HPV-16E7 and, at the same time, inhibits
HPV-16E7 ubiquitination and degradation. We have also
tested the binding with another UBP family protein, USP7.
The results, however, showed no interaction between USP7
and HPV-16E7 and thus no effect on the E7 ubiquitination
(supplemental Figs. 4 and 5). One of the other well under-
stood examples of virus-ubiquitin association is the control
of gene expression by herpes simplex virus 1. Vmw110, a
herpes simplex virus 1 immediate early protein, is an impor-
tant regulator of viral gene expression and the onset of the
viral lytic cycle. HAUSP, a UBP, when bound to Vmw110, is
not only able to enhance the stability of Vmw110 but also can
activate gene expression in cultured cells (30–33).
USP11 was originally isolated and characterized with the

name ubiquitin C-terminal hydrolase on the X chromosome
(UHX1) (34). The UBP family is so vast and complex that a
systematic nomenclature for human UBPs has been proposed
(19). Therefore, UHX1 was renamed as USP11. The full length
of USP11 consists of 2763 bp and encodes a protein with a
relative molecular mass of 105 kDa. It contains both Cys and
His boxes that are responsible for its deubiquitinating activity.
USP11 is a ubiquitous protein distributed across awide range of
human tissues (34) and particularly localized to the nucleus
(35). In addition, it has been demonstrated recently that USP11
interacts with RanBPM, a Ran-binding protein, which is
required for correct microtubule nucleation (35, 36). USP11
and USP9 can both interact with the NF-�B transcription fac-
tors RelB and p100. Although the significance of these interac-
tions remains to be determined, these findings suggest that
UBPs may play a regulatory role in their pathways.
HPV E7 has also been observed to be predominantly local-

ized in the nucleus (37, 38). This observation is supported by
themultiple nuclear functions of E7, including association with
members of the pRb family, transactivation of E2F-regulated
genes, and interaction with a large number of nuclear factors,
such as AP-1, TBP, p21cip1, etc. (39–42). In addition, conflict-
ing reports have described the cytoplasmic presence of E7 (43,
44). Cytoplasmic proteins, such as F-actin, �-glucosidase, and
M2 pyruvate kinase, all interact with E7 in the cytoplasm (45).
Recently, it was reported that in CaSki cells a major portion of
the E7 protein is localized in the cytoplasm. Interestingly, expo-
sure of CaSki cells to the proteasome inhibitor MG132 led to a
significant elevation of E7 levels in the nucleus. Thus, it has
been suggested that polyubiquitinated E7 accumulates in
nucleus for degradation inCaSki cells (11). In the present study,
we showed that USP11 reduced the ubiquitination level of E7
and attenuates degradation of E7. Since USP11 is mainly local-
ized in nucleus and ubiquitinated E7 also accumulates in

nucleus, therefore, we propose that USP11 interacts with HPV-
16E7 in the nucleus. This raises a question as to what mecha-
nism triggers ubiquitinated E7 transportation into the nucleus.
Recently, proteasomal degradation modulating protein trans-
location has been shown to occur with other cellular proteins.
For example, C-terminally phosphorylated Smad can undergo
ubiquitination, and this enhances its nuclear accumulation.
Subsequently, ubiquitinated Smad can interact with a Ring fin-
ger protein, Roc1, and this consequently leads to nuclear trans-
location (46). Therefore, further studies will be required to
determine whether ubiquitination regulates the nuclear entry
of E7 in vivo.
E7 is normally present at low levels within infected cells (47).

Our data presented here showed that USP11 increased the
steady state levels of 16E7 and hence led us to examine whether
USP11 affects the 16E7-regulated genes. One of the key func-
tions of E7 is that E7 targets pRb and induces its proteolysis
through the proteasome-dependent pathway. As anticipated,
our results showed that USP11 enhances the E7-induced pRb
degradation. In addition, it has been reported that expression of
the E7 protein of HPV-16 also up-regulates the expressions of
Bcl-2 and BH3 through disruption of pRb-E2F complexes (22).
Bcl-2, a gene that protects the integrity of mitochondria, pre-
vents cytochrome c release and the subsequent activation of
caspase-9. The expression of Bcl-2 appears to inhibit cells from
undergoing apoptosis. It has been reported that E7 induced a
significant increase in Bcl-2 expression (48). In our supplemen-
tal result, when USP11 and HPV-16E7 are co-expressed in
mammalian cells, USP11 augments the ability of HPV-16E7 to
induce Bcl-2 expression (supplemental Fig. 6). Moreover, the
Cole-cyclin B kinase is another gene pivotal in regulating G2-M
phase transition. Cdc-2 ismaintained in an inactive state during
G2 phase. As cells approach M phase, Cdc-2 is activated and
then efficiently drives the cells into mitosis. It has been men-
tioned that Cdc-2 is elevated in the E7-transfected keratino-
cytes (48).We also observed thatUSP11 enhanced the elevation
of Cdc-2 by E7 (supplemental Fig. 6). Taken together, USP11
not only extends E7 stability but also influences the down-
stream genes regulated by E7. It is also of interest to note that
USP11 alone (without 16E7 co-transfection) is able to elevate
Cdc-2 andBcl-2 levels but to amuch lesser degree. These obser-
vations are not in conflict with our conclusion, considering the
fact that USP11 can interact and deubiquitinate many other
cellular proteins and transcription factors and the significantly
added effect observed when both USP11 and 16E7 are present.
However, similar future investigations will be required.
Posttranslational modification of proteins by the small mol-

ecule ubiquitin is a key regulatory event, and the enzymes cat-
alyzing these modifications have been the focal point of many
studies. Deubiquitinating enzymes, whichmediate the removal
and processing of ubiquitin, may be functionally as important
but are yet lesswell understood.Here,wehave identifiedUSP11
as a new cellular target of HPV-16E7. USP11 binds to HPV-
16E7 and functionally extends the half-life of HPV-16E7. A
mutant of USP11 lacking enzymatic activity fails to deubiquiti-
nate and stabilize HPV-16E7. Additionally, USP11 augments
the HPV-16E7 function in modulating downstream target
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genes, such as pRb, Bcl-2, and Cdc-2, suggesting that this inter-
action may contribute to cell transformation by HPV-16E7.
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